In this work we consider a membrane reactor with catalytic steam methane reforming and/or water gas shift on the feed side, hydrogen separation and direct combustion of hydrogen on the permeate side, where the ultimate goal is an industrial size novel integrated membrane reactor/combustor concept. The concept has a potential of increasing the efficiency of pre-combustion carbon capture power plants. The present work focuses on the fundamental properties of membrane-flame interaction, which is of relevance to the membrane-combustor concept. A model has been implemented into a high-order finite differences direct numerical simulation code (S3D), which takes into account that a single species (hydrogen in this case) is transported through a permeable wall by the partial pressure difference between the feed and the permeate side. The model enables detailed simulation of membrane-flame interaction on the permeate side in 3-dimensional geometries. Preliminary results indicate that the flame thickness at quenching decreases when the permeable wall is present. This may be due to the enrichment of the zone close to the wall caused by the hydrogen flux. Small differences are also found for the quenching time and the quenching distance.
Introduction
Large scale implementation of CO 2 Capture and Storage (CCS) technologies is prevented by the high cost on CCS being e.g. two to four times the present European trading cost on CO 2 emissions [1] . Considering the pre-combustion CCS option from stationary gas power production, a significant part of the energy and efficiency penalty, i.e. the added cost, is related to the reforming and separation of hydrogen from the natural gas [2] . Present technology concepts use Auto-Thermal Reforming (ATR) or Steam Methane Reforming (SMR) with Water Gas Shift (WGS) reactors to produce the H 2 -rich syngas from natural gas, while CO 2 is separated from the syngas by adsorption [3] . One potentially more efficient alternative is to introduce a hydrogen catalytic membrane where the reforming, the water gas shift and the H 2 separation from CO 2 are combined in the same unit [4] . For stationary coal power production with Integrated Gasification Combined Cycle (IGCC), a membrane reactor may replace the WGS and the CO 2 separation unit [5] . The reforming and/or water gas shift reactions on the feed side are enhanced by the continuous removal of hydrogen on the permeate side [6] .
In this work we consider a membrane reactor with catalytic SMR and/or WSG on the feed side, hydrogen separation and direct combustion of hydrogen on the permeate side. The ultimate goal is an industrial size novel membrane reactor/combustor concept, hence, large flow rates are needed and the sweep-gas flow may become turbulent at given conditions. The present work is based on a simulation model which is three-dimensional in general, and a modeling approach which does not make any preassumptions on whether the flow is laminar or turbulent. Palladium (Pd) membranes are operating in the range 300-400°C with high flux of hydrogen, while ceramic membranes are best operating around 800-1000°C, however, the hydrogen flux of the latter is relatively low. The selection of the optimal type of membrane will be one of the final outcomes of the modeling work initiated with the present paper.
The aim of the present study is to gain insight into the fundamental phenomena of flame stabilization and blow-off when the hydrogen fuel is supplied through a permeable wall to the oxidizer on the feed side. As a first approach, the basic properties regarding flame quenching towards a permeable wall is studied in detail using a one-dimensional approach, based on a direct numerical simulation (DNS) code. In its complete 3-D form, DNS makes no assumptions on flow regimes [8] ; the effect of turbulent transport and molecular mixing is not modeled, but rather resolved in 3-D on the computational grid. DNS has been used for two decades to study unconfined turbulent flames with unprecedented level of detail and only recently has been applied to study flame-wall interaction processes [9] .
Several numerical investigations of flame wall quenching exist in the literature for methane [10] . The quenching Peclet number, defined later in section 3.2, is typically reported to be in the range of 3.0 for methane. The characteristic parameters for flame-wall extinction for hydrogen in pure oxygen, see Dabireau et al. [11] , are quite different from methane, with quenching Peclet number in the range of 1.7. The number of studies with hydrogen is also rather limited in the literature.
To our knowledge, flame-wall interaction studies where the wall is permeable and supplying fuel to the quenching zone are completely missing from the open literature. A new wall boundary condition model is build where the hydrogen flux from the feed side of the membrane reactor is given by the expression above, while further transport and reaction on the permeate side is resolved in detail by the DNS. Even though the present work is limited to 1-D, the model is generally implemented for use in 2-D or 3-D.
The DNS modeling approach with the S3D code
The S3D code is a massively parallel three-dimensional DNS code developed by SANDIA National Laboratories [11] . The code solves the compressible Navier-Stokes equations along with equations for species and energy transport coupled with a detailed description of the chemical kinetics. The equations solved and the constitutive relationships (the ideal equation of state, models for reaction rates, molecular transport and thermodynamic properties) are described in detailed in Chen et al. [11] . S3D uses a highorder, non-dissipative numerical scheme, which is an eight-order central differencing scheme in space (third-order at the boundaries) and a six-stage fourth order Runge-Kutta method in time. Spatial filtering is employed in order to remove any spurious high-frequency noise in the simulations. CHEMKIN and transport libraries are linked to the S3D code to enable detailed evaluation of reaction rates, thermodynamic properties and mixture-averaged transport properties. Characteristic boundary conditions (NSCBC) are used to describe non-reflective (in terms of pressure waves) open boundaries.
In the present work, 1-D direct numerical simulations of premixed laminar hydrogen-air flame propagation and quenching, on both solid and permeable walls, are performed with the S3D code. Thermal diffusion effects, i.e., the Soret effect, have been considered in the simulations. A detailed and accurate description of the chemical kinetics is ensured by incorporating the Li-mechanism [13] with 9 species and 19 elementary reactions. The hydrogen flux through the membrane, F H2 (g cm -2 s -1 ), is governed by
where L is the membrane thickness, Q is the hydrogen permeability (mol m-1s-1Pa-n) through the membrane, W i is the molecular weight, and P f,H2 (Pa) is the hydrogen partial pressure where the subscript f and p indicate the feed and permeate side, respectively (see e.g. [7] ). The pressure exponent is typically given as n=0.5 for the Palladium membranes considered in the present work. Optimum hydrogen flow rates are ensured by maintaining a large hydrogen partial pressure difference. This can be achieved by introducing hot sweep gases that lowers the partial pressure of hydrogen on the permeate side, or by direct combustion of the hydrogen. In addition, heat supply to the membrane is needed in order to maintain sufficient operating temperature, and to support the endothermic reforming reactions.
In the present work, the partial pressure on the feed side is given as a constant value. The hydrogen flux is further given by the partial pressure difference over the membrane, hence, the flux will vary with the mole fraction of hydrogen on the permeate side in the immediate vicinity of the wall.
The boundary conditions for mass, momentum and pressure are implemented by calculating the gradient of the respective values, and inverting the numerical stencil as described in the following. The mass fraction gradient of hydrogen at the wall is given by the re-arranged Fick's law
where i is the mass fraction of species i, (in this case only hydrogen), D i is the mixture average mass diffusivity and is the fluid density. The species mass fraction at the wall node is further given by inverting the numerical stencil for the mass fraction gradient. Similarly the expression for the pressure gradient at the wall is inverted to give the pressure component at the wall. The pressure gradient is given by re-arranging the momentum equation to
where is the stress tensor and u is the wall normal velocity component, and the sums are taken over all gases N g participating (in this case only hydrogen). The first right hand term in Eq. (3) is neglected in the present work. Finally, the normal velocity component at the wall, u, is given by the mass flux component calculated from Eq. (1).
Results

Case description
A Palladium membrane is taken as the test case for the present computations, with data from Bredesen et al. [5] . The feed side of the membrane is operated at 28.4atm with a partial pressure of hydrogen at 15.2atm. The specific permeability, Q/L, is given as 4.0E-07 (mol m -2 s -1 Pa -0.5 ). The unburned temperature on the permeate side is 773.15K [5] , which also is equal to the wall/membrane temperature. The preheated stoichiometric mixture of hydrogen and air has an adiabatic flame temperature of 2606K, flame speed of 1224cm/s and flame thickness of 515 nodes. The computations are initialized with a steady state laminar flame profile corresponding to the unburned mixture on the permeate side. The flame front is located 1 cm from the wall at t=t 0 . This is sufficiently far from the wall in order to avoid initial flame-wall interaction. [11] ). The premixed flame front (at temperature 2606K) is propagating towards the wall, which is maintained at constant temperature (T=773K). For the permeable wall case, a flux of hydrogen is transported through the wall according to equation (1).
Definitions
The non-dimensional distance to the wall is given by , where is the undisturbed laminar flame thickness given by b -T u )/max(| |) and T b and T u are the burned and unburned gas temperatures, respectively. The non-dimensional time is defined as F , where t F is the characteristic residence time given as L , and S L is the freely propagating laminar flame speed. The non-dimensional temperature is given as
The quenching is defined at the time, t Q , and location, Q , when the reaction rate of fuel starts to decline from its maximum value in the freely propagating flame. When quenching occurs, the flame thickness is reduced to its minimum, Q . The quenching Peclet number is given as the ratio of quenching distance to the quenching flame thickness Pe Q = Q / Q.
Results and Discussion
For the both cases, the flame initially propagates freely without any disturbance from the wall, before it enters the region where it starts to interact with the wall in terms of heat loss and consumption of the remaining fuel. For the permeable wall case, the flame will enter a near wall region where the premixed reactants are richer than the initial mixture. Note that the amount of additional hydrogen from the permeable wall, accumulated close to the wall, will depend on the time it takes the flame to arrive to the enriched zone. Hence, opposed to the non-permeable case, the solution is dependent on the initial condition and the size of the simulation domain. The hydrogen flux is based on the partial pressure difference between the feed and permeate side of the membrane. Initially, the domain is filled with premixed hydrogen and air at fixed levels. Figure 2 illustrates the variation of the hydrogen flux through the membrane versus time. The small negative "bump" is caused by a pressure wave that is generated by the marginally incorrect initial condition. As expected, the hydrogen flux is approximately constant (on the present resolution) for the time needed by the flame to reach the wall region and to start consuming the hydrogen fuel in contact with the permeable wall. The reduction in partial pressure of hydrogen near the wall (due to consumption by the flame) induces the increase in hydrogen flux through the membrane until a maximum is reached. After flame extinction the hydrogen is replenished on the permeate side, which in turns reduces the flux through the membrane. The quenching results are compared for the permeable and the non-permeable wall cases in Table 1 . The flame thickness is reduced at quenching for the permeable case compared to the non-permeable case. The temperature profiles from which the quenching flame thickness is calculated are shown in Figure 3 as solid lines. The solid line is taken at the quenching time for both cases, respectively, while the other curves represent about the same absolute time. The maximum temperature gradient which is in inverse proportion to the flame thickness is slightly larger for the permeable than for the non-permeable case. This is the basis for the difference in flame thickness. For hydrogen in general, the freely propagating flame thickness is reduced with increasing equivalence ratio ( ) until about =1.7-1.8 where it increases again. Hence, the reduced flame thickness may be due to the enrichment of the mixture close to the wall in the permeable wall case. The quenching distance is also somewhat reduced from the non-permeable to the permeable case. The preferential diffusion of hydrogen increases the transport of hydrogen out from the reaction zone close to the wall. This promotes quenching closer to the wall. For the permeable case, hydrogen is supplied through the wall, which counteracts the reduction of hydrogen fuel in the near wall zone, and, hence, leads to a lower quenching distance. The flux of hydrogen is in this case very small compared to the rather large laminar flame speed. Thus, the difference in quenching time is almost negligible, and the quenching Peclet number is only slightly higher for the permeable wall case. It should also be noted that the timestep on which the simulations are run, which also defines the accuracy in time, is =0.25. Therefore, future simulations should be run with even smaller timestep to achieve higher accuracy in the measurement of quenching time. Due to rather small hydrogen flux, being 2.75E-05 g/(cm 2 s), the differences between the permeable and the non-permeable cases are very small. According to the literature on membranes the permeability can be increased by almost a factor 100. Larger hydrogen fluxes will be investigated in future work. Combustors are likely to be operated at lean conditions, hence, lean mixtures of hydrogen and air will be investigated in further work. With larger hydrogen fluxes and lean conditions, situations may occur where a hydrogen flame is sustained for a longer time close to the membrane. This is an unwanted situation, since the Palladium membrane can not withstand very high temperatures.
Concluding remarks
In this work we consider in principal a membrane reactor with catalytic SMR and/or WSG on the feed side, hydrogen separation and direct combustion of hydrogen on the permeate side, where the ultimate goal is an industrial size novel membrane reactor/combustor concept. The fundamental behavior of quenching towards a permeable wall is compared with a case where the wall is non-permeable. The quenching towards a permeable wall setup has not previously been investigated in the open literature.
A model for the flux of species through a permeable wall (membrane) has been implemented in the DNS code S3D. The results show that the flame thickness at quenching decreases, while the quenching time, the quenching distance, and the Peclet number slightly increases. The present case has a rather limited hydrogen flux which only has a moderate impact on the quenching properties. Further work will involve higher hydrogen fluxes at both lean and rich conditions. Ultimately, the computations will be extended to 3-dimensional cases, for detailed investigations membrane-flame interactions.
